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Dipolar Rydberg-atom gas prepared by adiabatic passage through an avoided crossing 
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The passage of cold cesium 49Si/2 Rydberg atoms through an electric-field-induced multi-level 
avoided crossing with nearby hydrogen-like Rydberg levels is employed to prepare a cold, dipolar 
Rydberg atom gas. When the electric field is ramped through the avoided crossing on time scales 
on the order of 100 ns or slower, the 49Si/2 population adiabatically transitions into high-1 Rydberg 
Stark states. The adiabatic state transformation results in a cold gas of Rydberg atoms with 
large electric dipole moments. After a waiting time of about 1 ps and at sufficient atom density, 
the adiabatically transformed highly dipolar atoms become undetectable, enabling us to discern 
adiabatic from diabatic passage behavior through the avoided crossing. We attribute the state- 
selectivity to m-mixing collisions between the dipolar atoms. The data interpretation is supported 
by numerical simulations of the passage dynamics and of binary m-mixing collisions. 
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I. INTRODUCTION 

Atoms in highly excited Rydberg states (principal 
quantum number n) have large radii and electric-dipole 
transition matrix elements ri^), large polarizabili¬ 
ties n^) and strong van-der-Waals interactions 

[T]. These properties have led to a variety of inter¬ 
esting investigations and applications, including quan¬ 
tum information and logic gates Hi], single-photon 
sources [7] enabled by the Rydberg excitation blockade 
effect and many-body physics with strong long- 

range interactions [IlHISj- The large polarizability makes 
Rydberg atoms sensitive to external fields, giving rise 
to applications in field measurement HZIIIH], quantum 
control [H] and studies involving collisions [T] and novel 
molecules m- 

We investigate how a controlled passage of a dense 
cloud of Rydberg atoms through an avoided crossing al¬ 
ters the collision-induced dynamics of the sample. As a 
result of adiabatic state transformation, Rydberg atoms 
passing adiabatically acquire large permanent electric 
dipole moments, which lead to enhanced dipole-dipole 
interactions. The accelerated state mixing is probed via 
time-delayed state-selective field ionization [D HD ng. 
Previously, the (single-atom) dynamics of lithium Ryd¬ 
berg atoms passing through an avoided crossing has been 
studied via a measurable difference in the ionization elec¬ 
tric fields of the atoms exhibiting diabatic and adiabatic 
passage [23]. Rydberg Lstate redistribution has been 
controlled by application of a large-amplitude rectangu¬ 
lar electric field pulse [24]. In collision studies, Z-changing 
interactions of Na nD Rydberg atoms with slow Na’*' ions 
have been investigated using field-ionization templates 
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for I =3, 4, and 5 |2S]. The effect of I and m-mixing 
by weak, homogeneous dc electric fields and static ions 
has been predicted to lengthen the lifetimes of Rydberg 
states |26j . The mixing-induced long lifetimes of high-n 
Rydberg states play a central role in zero electron kinetic 
energy (“Zeke”) spectroscopy [23 [28] . In cold Rydberg- 
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FIG. 1: (Color online) Passage of Rydberg atoms through 
an electric-field-induced avoided crossing and the resultant 
state-mixing properties, (a) Rydberg atoms in a state close 
to 49 Si/ 2 (circles) are prepared at an electric field Fi = 
3.14 V/cm. The field is then linearly ramped to F 2 = 
3.99 V/cm with a rise time Ati across a selected avoided cross¬ 
ing. The Rydberg atoms undergo adiabatic/diabatic passage 
through the avoided crossing. Atoms passing adiabatically 
are transformed into an m = 1/2 high-(Z) elongated Stark 
state (ovals). During a hold time At 2 , they undergo efficient 
m-mixing into Stark states with high |m| (ovals of different 
shades), (b) Timing diagram. After the hold time At 2 , a 
ramp ionization field (except specified otherwise) is applied 
that only ionizes the atoms in low-|m| levels but not the ones 
in high-|m| levels. 
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atom gases, plasma formation in a cloud of initially low -1 
Rydberg atoms and subsequent recombination processes 
can generate high-1 Rydberg atoms [55]. Long-lived high- 
l Rydberg states have been created by I- and m-mixing 
collisions in rubidium m and by state transfer induced 
with weak electric fields in cesium |31] . 

Here, we employ the adiabatic/diabatic passage of ce¬ 
sium Rydberg atoms in a well-defined initial state, pre¬ 
pared within an applied electric field, through a selected 
multi-level avoided crossing. In alkali-metal atoms, low-1 
(1<2) Rydberg states typically have low electric-dipole 
moments while the outermost linear Stark levels have 
large ones, resulting in sequences of avoided crossings be¬ 
tween low-1 states and linear, high-(l) Stark states [55] . 
Time-dependent studies of avoided crossings [55] are of 
general relevance, since avoided crossings are a universal 
phenomenon in atoms and molecules. Here, we are inter¬ 
ested in the dynamics of cold, relatively dense Rydberg 
atom samples after transformation of the Rydberg-atom 
wavefunction in the avoided crossing. In our case, adi¬ 
abatic transformation induces large permanent electric 
dipole moments, which have a profound effect on the 
subsequent collision-induced dynamics of the samples. 
We vary the speed of the electric-field ramp that drives 
the atoms through the avoided crossing as well as the 
atom interaction time after completion of the ramp. The 
final atom sample is analyzed via state-selective field- 
ionization. We interpret our results based on simulations 
of the passage behavior and the collision properties of the 
sample after the passage. 


II. SETUP 


We trap cesium atoms in a standard magneto-optical 
trap (MOT) with temperature of ~100 /rK and peak den¬ 
sity of ~ 10 ^° cm“^, and use stepwise two-photon exci¬ 
tation to prepare Rydberg states. The trapping laser 
is turned off during Rydberg-atom excitation, manip¬ 
ulation and detection, whereas the repumping laser is 
left on to avoid optical pumping into 6 Si/ 2 (F= 3 ) by 
off-resonant transitions. The lower-transition laser res¬ 
onantly drives the 6 S 1/2 (F=4) —)• 6 P 3/2 (F'=5) transi¬ 
tion and has a power of 660 ^W and a Gaussian beam 
waist of Wq ^ 1.2 mm. The upper-transition laser drives 
a transition from 6 P 3/2 (F'=5) into a Rydberg state and 
has a waist diameter of wq ^ 50 /im, yielding a cylin¬ 
drical excitation volume with a length of ~ 800 /rm and 
a diameter of ~ 50 /rm. The excitation-pulse duration 
is 500 ns. In order to reproducibly excite selected, well- 
defined Rydberg levels under presence of an applied elec¬ 
tric field, where the density of states is large, we use a 
wavelength meter with an uncertainty of 30 MHz. The 
Rydberg atoms are ionized using state-selective electric- 
field ionization [T|. The released ions are detected with 
a calibrated micro-channel plate (MCP). Since the MCP 
ion detection efficiency is ^ 35%, the actual Rydberg 
atom numbers and densities are about a factor of three 


higher than the numbers and densities of detected Ryd¬ 
berg atoms. 

Electric fields are applied using a pair of parallel, non¬ 
magnetic grids centered at the MOT location (spacing 
15 mm). The electric fields are generated using an 
arbitrary-waveform generator (voltage precision ±1 mV). 
The field is calibrated and zeroed via Stark spectroscopy 
of 6OD3/2 and 6OD5/2. The experiment and the time se¬ 
quence are sketched in Fig. 1. 


III. SPECTROSCOPY 
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FIG. 2: (Color online) Theoretical Stark map (a), measured 
spectra for a set of electric fields (b) and according energy 
gaps between states |7) and \II} (c) of avoided crossings be¬ 
tween the 49 Si/ 2 state and the n = 45 manifold of states in 
cesium. Each avoided crossing involves three adiabatic states, 
labeled |7), |77), |777) etc.. The points A and B in the Stark 
map identify Stark states that have primarily 49Si/2 charac¬ 
ter and are located between two adjacent avoided crossings. 
The point C identifies the high-(l) Stark state that becomes 
populated via adiabatic passage in our experiments. The line 
in (c) shows the result of the calculation (top and right axes). 


In preparation for our time-dependent studies, it is 
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important to locate a suitable avoided crossing, to ver¬ 
ify that the field inhomogeneity is low enough that the 
crossing can be well resolved, and to measure its gap 
size AE. For our work we have calculated and mea¬ 
sured cesium Stark spectra in the vicinity of the n = 45 
hydrogen-like manifold of states; respective results are 
shown in Figs. 2 (a) and (b). The Stark map in (a) in¬ 
cludes two three-level avoided crossings with adiabatic 
states labeled |/), |//), \III) and |/'), |//'), the 

respective energies are E/, E//, E/// and Ej', Ejji , Ejjj>. 
The measured spectrum in Fig. 2 (b) shows atom counts 
as a function of wavenumber for a selection of electric- 
field values, corresponding to the shaded field and en¬ 
ergy range in Fig. 2 (a). Both measurement and cal¬ 
culation demonstrate that the avoided crossings involve 
three atomic levels, whereby the line strength of the mid¬ 
dle adiabatic level \III) is much smaller than that of the 
|/) and |//)-levels. 

The avoided crossings are characterized by a center 
electric field, Fx, and the energy gap at Fx- For each 
avoided crossing, Fx is given by the electric-field value at 
which the energy gap, AE, between the adiabatic levels 
|/) and \II) exhibits a (local) minimum as a function of 
electric held F, i.e. 

AE = inm{Eii{F)-Ei{F)) (1) 

F 

the gap minimum is realized when F = Fx- As an ex¬ 
ample, in Fig. 2 (c) we show the experimental energy- 
level difference AE (symbols) and calculation (solid line) 
between states |/) and \II) as a function of electric 
held for the anti-crossing in Fig. 2 (a). The measured 
center held is Fx = 4.3 V/cm and the gap minimum 
AE(Fx) = 110 MHz. The measured energy gap agrees 
with the calculation within about 20%, and the held 
within 4%. The intermediate level Em exhibits no sig- 
nihcant curvature, leading us to infer that its coupling 
to the other levels is small and that its effect on AE is 
minor. This is conhrmed below in Sec. Em 


passes adiabatically into level |/') at point C [black ar¬ 
row shown in Fig. 2 (a)]. The 49 Si/ 2 -character of the 
adiabatic quantum states at points A and B in Fig. 2 (a) 
exceeds 90%, while the adiabatic state at point C pri¬ 
marily contains hydrogenic states with I ^ 0. We there¬ 
fore refer to the state at C as high-(/) (note, however, 
that the quantum number I is not conserved in non-zero 
helds). Ignoring level and noting that the anti¬ 

crossings are sufficiently well separated that interactions 
between them [33] are insignihcant, the passage approxi¬ 
mately follows Landau-Zener dynamics (see Ref. [53] and 

Sec.fVlTI- 
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IV. PASSAGE BEHAVIOR IN RAMPED 
ELECTRIC FIELDS 

In our time-dependent studies we employ the avoided 
crossing that involves the adiabatic states [/'), [//') and 
[///') defined in Fig. 2 (a); this avoided crossing has a 
gap size, AE = 60 MHz. We initially prepare Rydberg 
atoms in adiabatic state [/') at point A in Fig. 2 (a), 
at an electric field of 3.14 V/cm. As the electric held 
is linearly ramped through the avoided crossing centered 
at Fx ~ 3.4 V/cm to a hnal held of 3.99 V/cm, the 
atoms undergo diabatic or adiabatic passage into adia¬ 
batic states [//') and |/') at points B and C, respectively. 
The process strongly depends on the ramp time, Ati, 
of the electric held. When the electric held varies fast, 
the atoms preferentially pass diabatically into level [//') 
at point B, while for slow ramps the population mostly 


FIG. 3: (Color online) (a) Measured atom number as a func¬ 
tion of ramp time Ati. The atoms are initially prepared in 
point A in Fig. 2, and the electric field is ramped from 3.14 to 
3.99 V/cm (through one of the avoided crossings in Fig. 2). 
The pulsed ionization electric field is set high enough that 
49Si/2-hke atoms (point A in Fig. 2) are detected, but it is 
too low to detect high-|m| atoms (|m| > 2.5). The Rydberg- 
atom density is No = 3 x 10® cm“® and the holding time At 2 
— 0 fis. (b) Normalized atom number for a holding time of 
At 2 = 1 fis (other conditions same as in (a)). The solid line 
shows an exponential fit to the data. The inset in (b) shows 
the decay behavior of pure 49Si/2-a'toms at zero electric field 
(black squares) and of 49Si/2-like atoms at a fixed field of 
3.14 V/cm (point A in Fig. 2; red circles), (c) Detected num¬ 
ber of Penning-ionized atoms as a function of hold time At 2 
for fixed Ati = 80 ns and same density as in (a) and (b). 














4 


Atoms adiabatically transferred into point C in 
Fig. 2 (a) still have the same m as the initially pre¬ 
pared 49Si/2-like state at point A, and are energetically 
very close to the 49Si/2-like state at point B (which is 
populated via diabatic passage). Therefore, atoms in 
points B and C cannot be directly distinguished by state- 
selective field ionization (in contrast to the case studied 
in Ref. [53], where such a distinction was possible). This 
is shown in Fig. 3 (a), where we plot the counted atom 
number as a function of ramp time Ati for a field ion¬ 
ization voltage that is set just high enough to ionize the 
initially populated 49Si/2-like atoms points A and B in 
Fig. 2 (a)). Bas ed on our calculation of the passage prob¬ 
abilities in Sec. VIT in Fig. 3 (a) the adiabatic-passage 
probability changes from near zero to near 100% over the 
investigated range of Ati, with no resultant discernable 
trend in the atom counts. We conclude that field ion¬ 
ization immediately after the ramp through the avoided 
crossing is not suitable to state-selectively detect atoms 
in points B and C. 


V. COLLISION-INDUCED DYNAMICS 
CAUSED BY ADIABATIC STATE 
TRANSFORMATION 


Adiabatic passage transforms the atoms from weak 
into strong dipolar character. Atoms in points A and 
B have electric dipole moments from about 130 eao to 
160 eao, while atoms in point C have dipole moments 
of about 900 eao. This is interesting in several respects. 
Direct optical excitation of such a sample would be dif¬ 
ficult to accomplish because of optical selection rules 
(atoms in point C have only about 1% 49Si/2-character) 
and because the Rydberg excitation blockade [5] sup¬ 
presses optical or microwave excitation of high-density 
Rydberg-atom samples at point C (due to interaction- 
induced electric-dipole energy shifts). Hence, atom sam¬ 
ples prepared by adiabatic passage from A to C enable us 
to study collision-induced dynamics in dipolar Rydberg 
atom gases under Rydberg-atom density conditions that 
would likely not be attainable using alternate means. 

Enhanced dipolar interactions change the sample dy¬ 
namics after passaging through the avoided crossing. In 
Fig. 3 (b) we hold the field for a time At 2 = 1 /rs at 
its final value and show the normalized number of de¬ 
tected atoms as a function of the ramp time Ati at a 
Rydberg-atom density of Aq = 3 x 10® cm“® (blue tri¬ 
angles). As in Fig. 3 (a), we use a pulsed ionization field 
with voltage just high enough to ionize the initially pop¬ 
ulated 49Si/2-like atoms. Over the investigated range 
of Ati the Landau-Zener adiabatic-passage probability 
changes from near zero to near 100% (see Sec. VII be¬ 
low). In contrast to Fig. 3 (a), where the detected atom 
fraction is fairly constant at 100%, in Fig. 3 (b) the frac¬ 
tion of detected atoms drops from 100% to near zero, as 
the adiabatic transition probability increases. It is con¬ 
cluded that the waiting time At 2 = 1 /iS enables state- 


selective detection of adiabatic and diabatic passage of 
atoms through the avoided crossing. The adiabatically 
transformed atoms become undetectable over a wait time 
of At 2 ~ 1 ^J.s. The signal decay observed in Fig. 3 (b) is 
fitted quite well by a decaying exponential with a decay 
time constant of 103 ns ± 5 ns. To explain the observed 
behavior, we first note that the atoms in points B and 
C in Fig. 2 (a) are nearest-neighbor quantum states of 
the same m = 1/2 Stark map. Such states can usually 
not be distinguished by using state-selective field ioniza¬ 
tion such as ours; therefore the result in Fig. 3 (a) is 
not surprising. However, if a sufficiently long hold time 
At 2 is introduced, the atoms in highly dipolar, elongated 
Stark states (point C in Fig. 2 (a)) may selectively un¬ 
dergo m-mixing collisions into energetically nearby Stark 
states with higher \m\. As \m\ exceeds a value of about 
2.5, atoms tend to ionize diabatically because the gaps 
of the avoided crossings in the Stark maps trend towards 
zero |51|. The ionization electric fields then increase by 
factors between 1.8 and 4 (for a calculation of hydro- 
genic ionization rates see [35]). Hence, state-selective, 
efficient m-mixing and a corresponding increase in ion¬ 
ization field are the most likely reasons of why the adi¬ 
abatically transformed atoms become undetectable. The 
results in Fig. 3 (b) for short Ati, where the passage is 
diabatic, further indicate that atoms in 495'i/2-like states 
(point B in Fig. 2 (a)) do not exhibit sufficient state mix¬ 
ing to alter the field ionization threshold. A state-mixing 
model is investigated in detail in Sec. jVHl] below. 

To support the above interpretation of the data, in 
the inset of Fig. 3 (b) we excite 49Si/2-like atoms at 
a fixed electric field of 3.14 V/cm (point A in Fig. 2 
(a)) and Rydberg atom density No, and we show the 
normalized detected atom number as a function of time 
Ati over a very long range up to 300 ^s (red circles). For 
comparison, we also show the decay of 49Si/2 atoms in 
zero field (black squares). The decays of the pure 49Si/2- 
atoms at zero field and the 49S 1 / 2 -like atoms at point A 
in Fig. 2 (a) both occur on time scales that exceed the 
time scale found in the main panel of Fig. 3 (b) by about 
two orders of magnitude (to visualize this stark contrast, 
the data from the main panel in Fig. 3 (b) are also shown 
in the inset). Hence, the adiabatic passage through the 
avoided crossing and the dynamics that follows during 
the subsequent ~ 1 /iS greatly accelerate the signal decay. 

Less important but noteworthy are the following ob¬ 
servations. The decay of the pure 49Si/2-atoms is expo¬ 
nential (see fitted curve in the inset of Fig. 3 (b)) and has 
a fitted decay time of 103 p,s ± 4 /rs at zero field. This 
value is between the level lifetimes calculated for near¬ 
zero (0.1 K) radiation temperature, where it is 120 /iS, 
and for 300 K radiation temperature, where it is 60 /iS. 
The chamber is at room temperature. The calculated life¬ 
time at 300 K includes black-body-driven microwave and 
THz transitions into other Rydberg levels. Such transi¬ 
tions are not registered as decay events in the long-time 
data in the inset of Fig. 3 (b), which are obtained with 
a higher ionization electric field than the other data in 
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Fig. 3. Hence, the experimentally observed decay time 
is indeed expected to be between the calculated level 
lifetimes at 0.1 K and at 300 K. Further, 49Si/2 atoms 
in zero field exhibit only weak van-der-Waals forces and 
vanishing m-mixing; hence any collision-induced effects 
are expected to be small even at long times. The ob¬ 
served exponential decay corroborates this expectation. 
The calculated level decay time for the 49Si/2-hke atoms 
at point A in Fig. 2 (a) also is about 60 ^s. In the ex¬ 
periment, the decay of the 49Si/2-hke atoms at point A 
is non-exponential, with an accelerated initial decay time 
of 32 /xs and a longer-lived fraction of atoms remaining 
at times past ~ 150 fis. This indicates that initially the 
decay of the 49Si/2-like atoms at point A is enhanced 
by collisions. The 49Si/2-like atoms at point A have an 
electric-dipole moment of 130 eoo, which results in sig¬ 
nificant interatomic forces. Over the long time scale cov¬ 
ered in the inset in Fig. 3 (b), these forces are likely to 
cause n-mixing collisions and Penning ionization [MllSZl- 
These collisions may cause the initial accelerated decay 
of the 49Si/2-hke atoms at point A, in comparison with 
pure 49 Si/2 atoms in zero field. A fraction of the product 
Rydberg atoms are in long-lived high-|m| states, which 
survive for much longer times m- 


Finally, to support our interpretation further, in 
Fig. 3 (c) we show the number of free ions generated by 
Penning ionization as a function of At 2 for a fixed ramp 
time Ati = 80 ns, which is sufficiently long for the pas¬ 
sage to be > 90% adiabatic (see Sec. VII). While for the 
wait time At 2 = 1 /xs used in Fig. 3 (b) the ion fraction 
is only about 2 %, it rises to about 20 % at At 2 = 6 /xs. 
The fractions of atoms participating in Penning-ionizing 
collisions are twice the ion fractions. Thermal ioniza¬ 
tion due to black-body radiation is negligible over the 
time range in Fig. 3 (c). The fact that Penning-ionizing 
collisions are seen in Fig. 3 (c) makes it very plausible 
that m-mixing collisions, which are near-elastic and have 
larger rates than Penning ionization, are highly probable 
for a wait time At 2 = I /xs. 

We have established that two conditions are neces¬ 
sary for the 49Si/2-like atoms to become undetectable. 
Firstly, the passage through the avoided cro ssing needs 
to be adiabatic. From Fig. 3 (b) and Sec. VII it fol¬ 
lows that adiabaticity requires Ati > 100 ns. Secondly, 
our experiments show that a wait time At 2 > 1 /xs is 
needed for the 49Si/2-like atoms to undergo m-mixing 
and to acquire an ionization electric field that is larger 
than the applied ionization field. The requirement on the 
wait time At 2 is supported by the m-mixing calculation 
presented in Sec. |VIII[ 


VI. DENSITY DEPENDENCE OF THE 
COLLISION-INDUCED DYNAMICS 


In Sec.|V]we have attributed the signal decay observed 
in Fig. 3 (b) to adiabatic passage and subsequent m- 
mixing of atoms in point C of Fig. 2 (a) during the hold 


time of At 2 = 1 /xs. In order to test whether m-mixing 
collisions are essential for atoms in point C to become 
undetectable, we have taken data equivalent to those in 
Fig. 3 (b) and (c) at lower densities. The results shown 
in Fig. 4 (a) clearly demonstrate that the loss in sig¬ 
nal becomes less significant with decreasing atom density. 
Also, the time scale over which the signal loss develops 
increases with decreasing density. Both observations are 
consistent with collisions playing a central role for atoms 
in point C of Fig. 2 (a) to become undetectable. 




FIG. 4: (Color online) (a) Measured normalized atom number 
of 49 Si/ 2 as a function of ramp time Ati at different densities. 
No (3x 10® cm“®), 0.5 No and 0.3 No, of Rydberg atoms. The 
electric field is ramped from 3.14 to 3.99 V/cm through one 
of the avoided crossings in Fig. 2 (a) for holding time At 2 
= 1 /xs. (b) Detected number of Penning-ionized atoms as 
a function of A /2 at No, 0.5 No and 0.3 No with ramp time 
A/i = 80 ns for Nq and A/i = 500 ns for 0.5 No and 0.3 No, 
respectively. In all cases, the A/i are long enough to ensure 
primarily adiabatic passage. 


As an additional consistency test of our interpretation, 
in Fig. 4 (b) we show the number of ions generated by 
Penning ionization as a function of A /2 for fixed A/i and 
for different Rydberg atom densities. As the atom num¬ 
ber and the atom density are lowered by about a factor of 
3.3, the number of ions generated drops by about a factor 
of 12, while the curves remain linear (within our exper¬ 
imental precision). The drop factor and the linear time 
dependence of the ion signal are consistent with binary 
Penning-ionizing collisions generating the free ions. 
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VII. LANDAU-ZENER DYNAMICS 

The time scales on which the signals observed in 
Fig. 3 (b) and 4 (a) decay depend on both the passage 
behavior in the avoided crossing and the time required 
for atoms at point C in Fig. 2 (a) to become undetectable 
due to m-mixing. Atoms passing diabatically into point 
B in Fig. 2 (a) have wavefunctions very similar to those 
of atoms in point A. These do not efficiently mix and 
remain near-100% detectable for several ^s, as shown in 
the inset of Fig. 3 (b). For the interpretation we have 
presented to hold, the ramp time Ati for the passage to 
be primarily adiabatic must be less than the signal decay 
time seen in Fig. 3 (b) (which is 103 ns). In the following 
we show that this condition is met. 



At, (ns) 



FIG. 5: (Color online) (a) Theoretical diabatic transition 
probabilities to tunnel from adiabatic state |7') into adiabatic 
state \II'} in Fig. 2 (a) as a function of the ramp time Ati, 
according to a simplified Landau-Zener model explained in 
the text (dashed) and a complete simulation (solid), (b) The 
squares show the probability of exiting the passage in the 
49 Si/2-state and the circles the probability of exiting in any 
state with angular momentum 2. 


The avoided crossings under investigation involve three 
levels (see Fig. 2 (a)) and may therefore differ from a 
simple two-level Landau-Zener case. In Fig. 5 (a) we 
show the diabatic transition probability as a function of 
Ati , obtained by solving the time-dependent Schrddinger 
equation for passage through the relevant adiabatic cross¬ 
ing in Fig. 2 (a). The exact diabatic transition proba¬ 
bility is compared with an approximate diabatic transi¬ 
tion probability derived from a simplihed Landau-Zener 
model that only involves levels |/') and |//') in Fig. 2 
(a). The close agreement between the exact and the ap¬ 
proximate Landau-Zener transition probabilities shows 
that the intermediate adiabatic levels and 

in Fig. 2 (a)) are indeed only of minor importance. The 
close agreement also accords with the facts that the in¬ 
termediate adiabatic levels do not noticeably repel from 
other levels in Fig. 2 (a), and that the calculated proba¬ 
bilities for the atoms to be in the intermediate adiabatic 
levels are <1%. 


According to the Landau-Zener model, the diabatic 
transition probability is given by 


^dia = exp(—27rr), where F = 


{AE/2f 


\{dF/dt)-{di-dii)\ 


( 2 ) 

where AE is the gap size and di are the electric dipole mo¬ 
ments of the coupled diabatic levels (all in atomic units). 
While the latter are not a priori known, the d{ are ap¬ 
proximately given by the electric-dipole moments of the 
adiabatic states |/') and \II') at fields away from the 
crossing. Equation ([^ shows that the diabatic transition 
probability can be written as Pdia = exp(—Ati/r), with 
a characteristic time 


^ Af|(di-dn)| . , 

27r(AF;/2)2 ’ '' ^ 

where AE is the field range of the linear electric field 
ramp. The values of r depend on the gap size of the 
avoided crossing, the differential energy slope of the 
crossing levels and the ramp parameters. The Landau- 
Zener curve in Fig. 5 (a) and Eq. |^yield a characteristic 
time r = 23 ns, which is close to the exponential-ht re¬ 
sult for the complete simulation, r = 24 ns. These values 
are about a factor of four less than the 103 ns time scale 
observed for the signal decay in Fig. 3 (b) (which is for 
the highest-density condition we studied). This finding is 
consistent with our interpretation of the data. At higher 
Rydberg-atom densities, the observed signal decay time 
should approach the critical value r = 23 ns. 

We expect minor deviations of the actual passage dy¬ 
namics from the Landau-Zener case, as there are some 
deviations of our system from the assumptions made in 
the Landau-Zener model. Firstly, the diabatic states are 
a weak function of electric field, as evidenced by the fact 
that the electric dipole moments are slightly different be¬ 
fore and after the crossings. Secondly, the weakly cou¬ 
pled third level will play a role in the case of very slow 
ramps. Finally, we have also calculated the probabilities 
of exiting the avoided crossing in the state 495'i/2 or in 
any state with I ^ 2. These probabilities, displayed in 
Fig. 5 (b), exhibit modulations at a period of 6 ns. The 
modulations are due to quantum interference between 
the 49 Si/2 components present in both adiabatic levels 
populated after the passage. 


VIII. M-MIXING 

For a duration of several microseconds, the Rydberg 
atoms primarily interact via the binary electric-dipole 
interaction, 

Cm = Pi ^ ,4) 

where the electric-dipole operators and P 2 act on the 
first and the second component of two-atom Rydberg 
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states |1) 0 12), respectively. There, the states |1) and 
12) are single-atom Rydberg states within the (non-zero) 
electric field F. The unit vector n points from the center 
of mass of the first to that of the second atom, and R is 
the magnitude of the interatomic separation. The matrix 
elements are calculated as described in Ref. m- 

To estimate the effect of m-mixing, we have integrated 
the time-dependent Schrodinger equation for atom pairs 
picked at initial nearest-neighbor separations for a den¬ 
sity of 3 X 10® cm“^, corresponding to our experimental 
conditions. For randomly positioned atom pairs, the ini¬ 
tial atom separation follows a probability distribution 


where w is the Wigner-Seitz radius. In the simulation the 
range of initial values of R is restricted to R > 1.5 fim, 
because lesser separations are unlikely due to the exci¬ 
tation blockade effect and Penning ionization. The ini¬ 
tial angle 6 of the internuclear separation vector relative 
to the electric field is chosen at random (with weight¬ 
ing (X sin(0)). The initial atom velocities are randomly 
selected from a Maxwell distribution (temperature T). 
The internuclear separation R and its unit vector n are 
a function of time, given by the randomly chosen initial 
values for positions and velocities. Due to the short inter¬ 
action time, the effect of interatomic dipole-dipole forces 
on the (classical) internuclear trajectories are neglected. 
Since the internuclear separation vectors R depend on 
time, the matrix elements of the electric-dipole interac¬ 
tion operator in Eq. |^also depend on time. 



Am 

FIG. 6: Probability for the change in single-atom m-quantum 
number due to binary electric-dipole interactions for atom 
pairs in the 49Si/2-like state at point B in Fig. 2 (a) (solid 
squares; T = 200 pK), and for atom pairs in the high-1 state 
at point C (open squares; large symbols: T = 200 pK, small 
symbols: T = 1 pK). All atoms in the simulation initially 
have mo = -1-1/2. For the high-1 state, the probability of 
m-change is much higher than for the 49Si/2-like state. 

The time-dependent Schrodinger equation is integrated 
over a wait time At 2 = 1 /ts, according to the experi¬ 
ment. The quantization axis is parallel to the electric 


field. The utilized internal-state space is restricted to 
two-body states for which both single-atom m-quantum 
numbers are within the range mg — 8 ^ m ^ uiq -\- 8, 
where mo is the initial-state m-quantum number (which 
is ±1/2). Also, the effective quantum numbers of both 
atoms are within the range 43 ^ Ueff ^ 47. We run the 
simulation for two cases of the initial internal two-body 
state, namely \B) 0 \B) or \C) 0 [C), according to the 
points B and C in Fig. 2 (a). Finally, the two-body state 
space is restricted to states whose total energy differs by 
less than 40 MHz from the initial two-body state. This 
range of two-body states has been found large enough 
to yield convergent m-mixing probabilities. Typically, 
there are several tens of thousands of two-body states in 
this range. From the final two-body state we extract the 
probabilities of the (single-atom) m quantum numbers 
changing by amounts Am. According to our basis re¬ 
striction, |Am| ^ 8. The simulation is repeated and the 
results are averaged over 1000 random choices of initial 
positions and velocities. 

The selection rules of the electric-dipole interaction op¬ 
erator Vdd in Eq. I^are, in first order, |Am| < 1, for both 
of the atoms involved, and |AM| ^ 2 for the sum of the 
two single-atom m-quantum numbers. The interaction 
time of 1 ^s is long enough that t4d acts in higher order. 
As a result, large changes Am and AM are possible. 

A typical simulation result is shown in Fig. 6. It is 
seen that the high-(/) elongated Stark states m-mix much 
more readily than the 49Si/2-like ones. This may be ex¬ 
pected because in the vicinity of point C in Fig. 2 (a) the 
density of higher-|m| “background” states is larger than 
it is in the vicinity of point B. Also, the I/jd-couplings 
of the 49Si/2-like atoms to other states are generally 
smaller, because at the small fields used in this work 
the P-character within the manifold of hydrogenic states 
is very small (due to the large quantum defect of Cs 
P-levels) and the admixture of high-Z character in the 
49Si/2-like levels also is small. As a result of m-mixing, 
the high-(Z) atoms selectively acquire higher field ioniza¬ 
tion thresholds. 

The mixing percentages in Fig. 6 likely are underesti¬ 
mates because many-body effects beyond two atoms are 
not included; such effects have been found earlier to en¬ 
hance near-resonant many-body mixing effects |38j . Fur¬ 
ther, the effects of interatomic forces will lead to par¬ 
ticle acceleration. We note the large permanent elec¬ 
tric dipole moment of the high-(/) elongated Stark state, 
given by the large negative slope of the energy level at 
point C in Fig. 2 (a). The resultant strong interatomic 
permanent-electric-dipole forces may also enhance the m- 
mixing. Figure 6 shows that at higher temperatures there 
is slightly more m-mixing. This indicates that the mix¬ 
ing may accelerate once the sample heats up due to the 
interatomic forces. 


o d2 

P{R) = —^ exp 













IX. CONCLUSION 

Adiabatic/diabatic processes are ubiquitous in natu¬ 
ral science; they are, for instance, manifested in atomic 
and molecular spectra, in collisions and in chemical re¬ 
actions. In this work, we have prepared high-density 
gases of strongly interacting Rydberg atoms based on 
avoided crossings formed by the 49Si/2-state and n = 45 
hydrogenic states of cesium in an electric field. Electric- 
field ramps through the avoided crossings induce mixed 
adiabatic-diabatic passage behavior. In the adiabatic 
case, the atoms acquire large permanent electric dipole 
moments. The adiabatically transformed atoms are em¬ 
bedded in a background of other high-jml Stark states. 
These conditions are conducive to selective m-mixing of 
the adiabatically transformed atoms, making adiabatic 
passage experimentally detectable. Our measurements 
are in agreement with a model we have presented. In 
future work one may employ state transformation via 
adiabatic passage as a method to generate highly dipolar 
matter, against obstacles that may otherwise arise from 
inhomogeneous broadening, excitation blockade effects. 


and small rates for direct optical excitation of highly 
dipolar states. The oscillations seen in the calculations in 
Fig. 5 (b) are a general interferometric characteristic of 
systems involving two coupled quantum states; they may, 
in future work, enable measurements of dipole moments 
and other atomic properties. 
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